Using the high-resolution global ocean-sea ice model MITgcm-ECCO2, variability and changes of Arctic sea ice export through Fram Strait during 1979-2012 are examined. The simulated annual mean ice export is about 3216 km 3 /year, which is 12.7% of the 34-year averaged Arctic sea ice volume, with the maximum and minimum occurring in 1994/95 and 1984/1985 ice export is much more than summer (April-September) and exhibits a greater interannual variation. This study suggests that a significant regime shift of Fram Strait ice export from high to low value occurs around the mid-1990s. Further analysis shows that the regime shift of the atmospheric circulation from conventional Arctic Oscillation/North Atlantic Oscillation (AO/NAO) to the dipole-structure Arctic Rapid change Pattern (ARP) plays an important role on the regime shift of ice export. This shift of atmospheric circulation pattern dominates the variability of ice motion and changes the main source region of ice outflow. Combined with the decreased ice thickness and the less ice outflow related to the weakened northerly/northeasterly winds near the strait, sea ice export decreased, eventually generating a regime shift around the mid-1990s. The distinct impact of changes in Fram Strait ice export on the Arctic sea ice inside the basin before and after mid-1990s indicates that the recent continuing loss of Arctic sea ice was mainly induced by the accelerated ice melting in the Arctic Ocean, rather than the ice outflow through Fram Strait.
Introduction
The Arctic sea ice (especially multiyear ice) extent (Comiso 2012; Cavalieri and Parkinson 2012) and thickness (Rothrock et al. 2008; Kwok and Rothrock 2009; Laxon et al. 2013; Lindsay and Schweiger 2015) have significantly decreased during the recent decades. These decreases have accelerated since the early 2000s Stroeve et al. 2012; Swart et al. 2015; Lee et al. 2017) . Based on submarine, aircraft, and satellite observations, Lindsay and Schweiger (2015) found that the annual mean ice thickness shows a decreasing rate of − 0.58 ± 0.07 m/decade over the period of [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] . The decrease of Arctic sea ice has significant impacts on different aspects of climate system through, for example, altering the heat, moisture, and biogeochemical gases exchanged at the air-sea interface, and influencing the atmospheric circulation (Screen et al. 2013; Walsh 2013; Vihma 2014; Cohen et al. 2014) .
To understand changes in Arctic sea ice, previous studies have investigated various aspects of sea ice mass balance associated with different forcing factors. It was found that from about the late 1980s throughout the mid-1990 s, the Arctic Oscillation (AO) (Thompson and Wallace 1998) changed from a negative to a strongly positive phase. Correspondingly, anomalous cyclonic atmospheric circulation occurred over the Arctic Ocean, resulting in an increase in heat and moisture transport into the Arctic. As a consequence, increased sea ice melt and decreased sea ice growth lead to a decrease in sea ice extent and thickness (e.g., Rigor et al. 2002; Rigor and Wallace 2004) .
Although the thermodynamic ice melting processes have greatly contributed to the changes in Arctic sea ice, dynamic ice export out of the Arctic Ocean has also been identified as a key contributing factor (Kwok 2009; Smedsrud et al. 2011; Langehaug et al. 2013) , in particular for multiyear ice loss (Ricker et al. 2018) . According to previous studies, the southward sea ice export across Fram Strait (the location is shown in Fig. 1 ) into the Greenland-Iceland-Norwegian (GIN) Sea (or Nordic Seas), which amounts to 2000-3000 km 3 per year Spreen et al. 2009 ), comprises the largest portion of the total Arctic sea ice export (e.g., Carmack et al. 2016; Ricker et al. 2018) . Part of this considerable amount of freshwater has been found flowing along the East Greenland Current into the Nordic Seas, which is closely related to the freshening of Greenland and Labrador Sea (Dickson et al. 1988; Holland et al. 2006; Koenigk et al. 2006) , and thus has huge impact on the global ocean circulation. The increase in Fram Strait sea ice export identified for the time period from the late 1980s to the mid1990s has been well examined, and is suggested to be driven by the changes of atmospheric circulation associated with the positive polarity of AO or North Atlantic Oscillation (NAO) (Fig. 10) . Specifically, during + AO/NAO years, the sea level pressure (SLP) over the Arctic is generally lower than normal, and the Icelandic Low is much stronger. Correspondingly, the Beaufort High is weakened and reduced in size, while the Transport Drift Stream is strengthened and shifted to the western side of Arctic, passing directly across the North Pole. A cyclonic anomaly of SLP and sea ice motion could be seen in the Arctic region. The associated divergence of ice motion within the basin and the synchronously enhanced cross-strait SLP gradient over the Fram Strait are both in favor of the outflow of Arctic sea ice through the strait (Fig. 11) (Kwok 2000 (Kwok , 2009 Hilmer and Jung 2000; Rigor et al. 2002; Kwok et al. 2004) . Combined with the strengthened ice melting in the Arctic Basin, total sea ice cover in the Arctic Basin decreased significantly in this time period.
Many studies have found that the atmospheric circulation in the Northern Hemisphere has substantially changed since the mid-1990s. After reaching its maximum around the winter of 1988/1989, AO/NAO index went downward to neutral and even negative phase (Overland and Wang 2005; Maslanik et al. 2007 ). While AO no longer follows its previous positive trend, the Arctic sea ice still demonstrates substantially accelerated declining and thinning. Based on the research of Zhang et al. (2008) , the recently accelerated Arctic sea ice decline in both extent and thickness has been attributed to a radical spatial shift of the atmospheric circulation pattern. The main circulation pattern in the Northern Hemisphere changed from conventional tri-polar AO pattern to a totally new dipole-structure pattern during late 1990s This shift of the atmospheric circulation pattern is characterized by a hemispheric-scale, meridionally-transformed wind flow and associated enhanced poleward heat and moisture transport from either the North Atlantic or the North Pacific into the central Arctic Ocean, as was pointed out by Zhang et al. (2008) .
It was suggested in previous studies that positively polarized AO could largely increase Fram Strait ice volume export (e.g., Kwok et al. 2004 Kwok et al. , 2013 Kwok 2009 ) through the anomalous atmospheric circulation pattern. Therefore, most of these studies have also focused on this time period (from the late 1970s or late 1980s to the mid-1990s), while little study discussed the possible mechanisms of the ice export variability since then. However, following the dramatic circulation pattern shift, two scientific questions arise: how does Fram Strait sea ice export change since mid-1990s and what contribution does the changing Fram Strait sea ice export have to the accelerated sea ice decline in the Arctic Ocean in different time periods? These two questions will be addressed in this paper through a modeling study by using a coupled ocean-sea ice model.
Model and data

Model configuration and simulation
The model used in this study was the Massachusetts Institute of Technology general circulation model (MITgcm; Marshall et al. 1997a, b) in the state estimate configuration Estimating the Circulation and Climate of the Ocean, phase II (ECCO2): high-resolution global ocean and sea ice data synthesis. The eddy-permitting model was configured at a horizontal resolution of 18 km with 50 vertical levels, which could enable the model to study both small and large scale processes from ocean eddies to global circulation. The ocean model is coupled with a sea ice model that simulates a viscous-plastic rheology (Losch et al. 2010) . According to the assessment by Nguyen et al. (2011) , the upper cold halocline is highly consistent with observations in the western Arctic. The coupled ocean-sea ice model is run forward using optimized control parameters obtained through reducing model-data misfit by using the Green's Function approach. The control parameters include initial temperature and salinity conditions, atmospheric surface boundary conditions, background vertical diffusivity, critical Richardson numbers for the KPP (K-profile parameterization) scheme, air-ocean, ice-ocean, air-ice drag coefficients, ice/ocean/ snow albedo coefficients, bottom drag, and vertical viscosity. (Menemenlis et al. 2005a (Menemenlis et al. , b, 2008 . Detailed description of this model and its application can be found in Menemenlis et al. (2008) .
The atmospheric forcing of the model is provided from the Japanese 25-year Reanalysis (JRA-25), a cooperative research project carried out by the Japan Meteorological Agency (JMA) and the Central Research Institute of Electric Power Industry (CRIEPI) (JRA-25; Onogi et al. 2007) . The spatial resolution is 1.125° × 1.125° and the temporal resolution is 6 h. JRA-25 reanalysis data were obtained freely from the NCAR's research data archive (https ://rda.ucar. edu/datas ets/ds625 .0/). The initial ocean conditions were defined using a blend of the Polar Hydrographic Climatology of ocean temperature and salinity (Steele et al. 2001) , the WOCE Global Hydrographic Climatology (WGHC), and the ECCO2 data synthesis. Detailed information of the model initialization can also be found in Menemenlis et al. (2008) . The initial sea ice condition is from the Pan-Arctic Ice Ocean Modeling and Assimilation System (PIOMAS) (Zhang and Rothrock 2003) . The model was then run for 34 years from 1979 to 2012, with daily output. The multidecadal, high temporal resolution model simulation results sufficiently facilitate this research, in particular considering the recent transition of the atmospheric circulation pattern over the Arctic from conventional tri-polar AO pattern to a totally new dipole-structure pattern during late 1990s, as was pointed out by Zhang et al. (2008) .
Satellite and in-situ observations of sea ice
A number of observational data sets obtained from the National Snow and Ice Data Center (NSIDC) were used to verify the simulation results, including sea ice concentration, ice thickness, and ice drift velocity. Sea ice concentration covers a period from October 1978-present, which was derived from the Nimbus-7 Scanning Multichannel Microwave Radiometer (SMMR), the DMSP Special Sensor Microwave Imager (SSM/I), and the DMSP Special Sensor Microwave Imager and Sounder (SSMIS) Passive Microwave Data, Version 1 (abbreviated as SSM/I; Comiso 2015) (http://nsidc .org/data/NSIDC -0051). The data are generated using the NASA Team algorithm developed by the Oceans and Ice Branch, Laboratory for Hydrospheric Processes at NASA Goddard Space Flight Center. The ice thickness, available during February 2003-October 2008, was retrieved from the Ice, Cloud, and land Elevation Satellite (ICESat) Geoscience Laser Altimeter System instrument, the SSM/I, and climatologies of snow and drift of ice (Zwally et al. 2002; Schutz et al. 2005 ) (http://nsidc .org/data/ NSIDC -0393). The gridded fields of sea ice velocity during October 1978-present were created from an optimal interpolation of a wide variety of sensors in both gridded and non-gridded (raw) files, including SMMR, SSM/I, SSMIS, Advanced Microwave Scanning Radiometer-EOS (AMSR-E), Advanced Very High Resolution Radiometer (AVHRR), and drifting buoys from International Arctic Buoy Programme (here also abbreviated as SSM/I; Tschudi et al. 2016) . The latest version 3.0 of this merged dataset is used in this study, with the spatial resolution of 25 km × 25 km in a polar stereographic projection (http://nsidc .org/data/ NSIDC -0116).
Moreover, a long-term data record of Fram Strait ice area export developed by Smedsrud et al. (2017) is also used to further verify the reliability of the model results. This dataset was constructed by using a combination of higher resolution (from 50 to 100 m) satellite imagery of 2004-2014 ice drift across 79°N and a linear regression between ice drift speed and geostrophic wind derived from station observations of SLP difference across Fram Strait. Details can be referred to Smedsrud et al. (2017) . The monthly mean time series of sea ice area export since 1935 is available here: https ://doi.panga ea.de/10.1594/P ANGAE A.86894 4. 
Simulated sea ice climate: comparisons with observations
The 34-year simulation successfully reproduces the dramatic decrease of total Arctic (north of 60°N) sea ice area in the satellite records ( Fig. 3a, b ). The modelled negative trends of ice area in March and September are − 1.72 ± 0.52% and − 6.76 ± 2.04% per decade. Compared to the SSM/I observation, the declining trend in September ice area has been underestimated ( Fig. 3b ), which may be induced by the insufficient summer ice melt and the relatively weaker ice-albedo feedback process in the model. As shown in Fig. 3b , the interannual variations of simulated ice area are highly consistent with SSM/I observations, with correlation coefficients of + 0.69 and + 0.78 for March and September, respectively (both significant at 99% confidence level based on the Student's t test). Note that these correlations are calculated with the long-term trends being removed. The two record lows of September ice area in 2007 and 2012 are also captured. Arctic sea ice volume within the basin for March and September are also calculated. In this study, the domain of Arctic Basin is defined as the ocean area north of 70°N, excluding the Nordic Seas, the Barents Sea and the Baffin Bay (Fig. 1 ). The decrease of the total Arctic and Arctic Basin sea ice volume are also very dramatic. As shown in Fig. 3d , the negative trends of September sea ice volume in total Arctic and the Arctic Basin are − 8.27 ± 2.50% per decade and − 8.10 ± 2.44% per decade, respectively. In both winter and summer season, the spatial distribution patterns of Arctic sea ice concentration and thickness are generally in agreement with the SSM/I and ICESat (2003) (2004) (2005) (2006) (2007) (2008) observations, with more intensive and thicker ice located north of the Canadian Archipelago and Greenland (figures omitted). Note that in this study winter and summer season are defined as October-March and April-September, respectively. Nguyen et al. (2011) presented the assessment of the Arctic sea ice and ocean water properties from this model. By comparing model results with different available observations, the model's capability of simulating the distribution and variability of Arctic sea ice cover was proved reliable. The model's strengths and weaknesses were also assessed. A detailed assessment of the model The model also successfully reproduces the spatial pattern of Arctic sea ice drift motion (Fig. 4) . More intense ice drift occurring in March than in September could be seen in both simulation and observation results. The higher ice speed in MITgcm is presumably caused either by the model's poor performance in simulating the ice motion response to atmospheric forcing, or by the uncertainty of NSIDC merged ice motion vectors due to the discontinuity of different sensors. Figure 5 shows the time series of spatially averaged winter (October-March) ice drift speed anomaly inside the Arctic Basin. Both the simulation and the observation demonstrate a positive trend of basin-wide Arctic ice drift speed since 1984/85, although the simulated trend (7.21 ± 2.20%/ decade) is much weaker than observation (35.30 ± 10.76%/ decade). This positive trend is in consistence with previous studies (e.g., Hakkinen et al. 2008; Rampal et al. 2009; Spreen et al. 2011) . The reinforced ice motion is either attributed to the increase of local Arctic storm activity caused by the poleward shift of the storm track (Zhang et al. 2004; Hakkinen et al. 2008 ), or to the recently enhanced mobility and fracture of Arctic sea ice following the retreat and thinning of ice cover (Rampal et al. 2009; Spreen et al. 2011) . Thus it might be noted that the variability of Arctic sea ice motion speed is spatially dependent due to the local impacts of atmospheric forcing, ocean circulation, and the associated sea ice cover condition. Note that the amplitude of observed ice speed is much smaller than simulation before the year 1983/84. This is probably caused by issues related to model initialization, or by the incompatibility between satellite-based ice motions derived from different sources. As pointed out by Bi et al. (2016) , sea ice drift velocity may be underestimated before July 1987 due to the lower spatial and temporal (every other day) resolution of SMMR 37-GHz data.
The realistic simulations of Arctic sea ice climatology largely lay fundamental basis and ensure credibility for us to analyze variability of and changes in Fram Strait sea ice export though some biases still exist. In this study, sea ice volume export is the product of sea ice area, thickness and drift velocity perpendicular to the vertical cross-section for the grid cells along the section, while sea ice area export is only the product of ice area and drift velocity. Daily sea ice volume export was computed from the product of daily sea ice concentration, thickness, and ice motion velocity across the vertical section as shown in Fig. 1 . Monthly, seasonal, and annual ice volume export were then obtained as the sum of the daily export for the defined time periods. The high temporal resolution of the model outputs makes it possible to examine multi-time scale variability of Fram Strait sea ice export.
At first, seasonal cycle ( Fig. 6 ) and interannual variation (Fig. 7 ) of simulated ice area and volume export were compared with observations. For consistency, sea ice data from NSIDC has been linearly interpolated to the model grid during the calculation of ice export. For the comparison of ice area export, both results derived from NSIDC merged ice concentration and ice motion (abbreviated as (Vinje et al. 1998) . Details can be found in Spreen (2008) and Spreen et al. (2009) . Figure 6 shows that the seasonal cycle of modeled ice export is highly consistent with observations. Summer (April-September) ice area or volume export is typically lower than in winter (October-March). As pointed out by , the apparently lower summer ice export is due to the lower SLP gradients across the strait and the lower multiyear ice fraction in the strait during summer months. Those multiyear ice even could not reach Fram Strait in some years. For sea ice area export, model result is much higher than NSIDC-merged and slightly higher than Smedsrud17. The relatively high ice export from model may primarily result from the overestimation of sea ice drift speed within and near the strait. However, it is speculated that the coarse spatial resolution (25 km × 25 km) and the inconsistency of different sensors or observation measurements used in generating the merged NSIDC ice data is likely to cause great uncertainty in computing ice export. Krumpen et al. (2016) also pointed out that the ice area export derived from NSIDC ice data shows unrealistic high values than those based on SAR images and SLP gradients (see their Fig. 7 ). Thus the difference of ice area export between MITgcm and NSIDC-merged is much larger than that between MITgcm and Smedsrud17 (Fig. 6a) .
In this study, the interannual to decadal variability of ice export through Fram Strait is the main focus. Thus here the anomaly rather than the magnitude of Fram Strait ice export is more concerned. As is shown in Fig. 7a , the interannual variability of modeled ice area export is much closer to Smedsrud17 than to NSIDC-merged for the whole study period. The correlations between simulated ice area export and the estimation from Smedsrud17 and NSIDC-merged are + 0.81 and + 0.55, respectively, both significant at 99% confidence level. With the fine time continuity and high spatial resolution, results from Smedsrud17 are supposed to be more credible than those from NSIDC. Besides, the simulated ice area export is also very close to the estimation derived from the 12.5 km SSM/I 85-GHz channel in Kwok (2009) than the trend in Smedsrud17 (+ 5.57 ± 1.68% per decade). Smedsrud et al. (2017) pointed out that this increasing trend of ice area export is largely related to the strengthening of the southward ice drift motion in winter, which is induced by the strengthened winter geostrophic wind over the strait. Similar conclusions are also found in this study. During the past three decades, annual mean sea ice concentration along the zonal section within the strait has slightly decreased (figure omitted) , while the meridional southward ice velocity has increased at a rate of about 0.13 cm/s per decade due to the increasing trend of annual northerly wind speed along the section (about + 0.19 m/s per decade). The positive trend of ice area export in summer (+ 2.26% per decade) is larger than that in winter (+ 0.7% per decade), which is also in consistent with the study of Smedsrud et al. (2017) , although the trends are much lower than those from Smedsrud17. Based on the simulation results of CMIP5 models, Langehaug et al. (2013) found that 10-18% of the sea ice covered Arctic Basin is annually exported, which is similar to the result in this study (18.6%). As shown in Fig. 7b The averaged ice volume export from MITgcm and Spreen09 are 321.14 km 3 /month and 216.88 km 3 /month for the 40-month winter period, respectively. Similar to the case of sea ice area export, the overestimations of sea ice drift velocity and sea ice thickness within and near the strait may mainly result in the overestimation of simulated sea ice volume export. From here on, ice volume export will be referred to as ice export.
Variability and changes of Fram Strait sea ice export and the attributions
Regime shift in Fram Strait sea ice export
The realistic simulations of Arctic sea ice climatology largely lay fundamental basis and ensure credibility for us to analyze variability of and changes in Fram Strait sea ice export though some biases still exist. Figure 8a shows the simulated daily ice export in 2006/07, which showed high variability throughout the year because of the strong dependence of sea ice motion on synoptic atmospheric forcing. Annual, winter and summer ice export during 1979-2012 are shown in Fig. 8b . On average, the simulated annual ice export of about 3216 km 3 was largely attributed to winter export (which carries 66.0% of total annual export). The annual amount of ice export is about 12.7% of the 34-year averaged annual Arctic sea ice volume, and is about 15.2% of the annual sea ice volume within the basin. In addition, the larger standard deviation of winter export suggests higher interannual variation than in summer. The modeled minimum and maximum annual ice export occurred in 1984/1985 and 1994/1995 . The maximum was also detected by Vinje et al. (1998) and Kwok et al. (2004) , although these studies were based on different observations with different study periods of 1990-1996 and 1991-1998, respectively . Based on modeled ice thickness from PIOMAS, this unique largest ice export in 1994/1995 was also found by Zhang et al. (2017) . Note that the quantities about sea ice export should be considered with great prudence, since distinct differences exist between results in this study and results from previous studies based on varied ice motion, ice thickness and ice concentration datasets.
Most interestingly, both the annual and seasonal ice export exhibited two significant "regime shifts " around 1987/1988 and 1994/1995, respectively (Fig. 8b) . Ice export during 1988 Ice export during /1989 Ice export during -1994 Ice export during /1995 is much more than before until reaching its maximum. After this maximum, ice export substantially decreased and fluctuated year-by-year without any visible trend. On average, the mean annual ice export was about 3127 km In a, the dotted green and red lines denote averaged daily meridional ice velocity and meridional surface wind stress along the vertical cross-section. In b, the black line, green and orange bars denote annual, winter (October-March) and summer (April-September) ice export, respectively. The black, red and blue dashed lines show the mean value of annual ice export during 1979/1980-1987/1988, 1988/1989-1994/1995 and 1995/1996-2011/2012, respectively ice export are proved to be significant at 95% confidence level. The regime shifts of annual ice export in 1987/1988 and 1994/1995 are even significant at 99% confidence level. Moreover, the difference of standard deviation in annual ice export before and after mid-1990s (1979/1980-1994/1995 minus 1995/1996-2011/2012 ) is about 369 km 3 , amounting to 11.5% of the mean export during the whole period. Obviously, the abrupt increase in ice export since 1988/1989 is closely related to the phase evolution of AO from negative to strongly positive, and has been investigated by previous studies (e.g., Kwok et al. 2004; Kwok 2009 ). Thus the second regime shift is the main focus in this study. Note that there is no necessary connection between the regime shift of ice export and its long-term trend in a certain range of time. In this study, the linear trend in annual ice export is insignificant during 1979-2012 or in any separated time period, while the difference of mean ice export between either two time periods shown in Fig. 8b is quite remarkable.
To understand the characteristics of the variability and changes, in particular the regime shift of Fram Strait ice export, the three contributing factors to the ice export were first analyzed, including ice concentration, ice thickness and meridional ice drift velocity across the strait. Here we only focused on winter considering the greater interannual variation of ice export in this season. It was found that both the meridional ice drift velocity and ice thickness were highly correlated with the amount of ice export during 1979-2012. The correlation coefficients are + 0.73 and + 0.59, respectively, both significant at 99% confidence level (Fig. 9b, c . Note that the sign of the meridional ice velocity is reversed in Fig. 9b ). The high correlation may suggest that the interannual variability of sea ice volume export is mainly contributed by the variability of both ice meridional drift speed and ice thickness within the strait. This conclusion is largely consistent with the study of Lindsay and Zhang (2005) . Sea ice concentration, however, showed a relatively weak relationship with the ice export, with a correlation coefficient of only + 0.25 (Fig. 9a) .
We can readily find a substantial decrease of the crosssection sea ice thickness within Fram Strait after 1994/1995 in Fig. 9c . The ice thickness is reduced by about 25.0% (passing 95% confidence level) from 1988/1989-1994/1995 to 1995/1996-2011/2012 , which may directly induce the regime shift of Fram Strait ice export shown in Fig. 8b . By comparison, the meridional ice velocity across the strait show no obvious difference between these two periods. Thus the sea ice drift velocity appears to be related to interannual variability of sea ice volume export, whereas sea ice thickness appears to be more related to a longer-term variability.
However, changes of basin-wide sea ice drift pattern may dramatically determine the thickness of sea ice flowing into Fram Strait, which may jointly influence the variability and changes of total ice export on long-term time scale. The linkage between them will be discussed in the next section.
Attributions of the regime shift in Fram Strait sea ice export
As mentioned above, basin-wide Arctic sea ice drift pattern could largely determine the thickness of sea ice flowing into Fram Strait and eventually influence the amount of Fram Strait sea ice export. Previous studies have attributed the major variability and changes of sea ice motion within the Arctic Basin and going through Fram Strait to the forcing effect from the alteration of large-scale atmospheric circulation. In this study, positively polarized AO from 1988/1989 to mid-1990s (Fig. 10b) is associated with anomalous cyclonic wind pattern over the Arctic, which enhances sea ice outflowing from central Arctic Ocean into Fram Strait and increases total Fram Strait ice volume export (Fig. 11) . It is obvious in Fig. 10b that AO has shifted from persistent negative or positive phases to more neutral and unstable phases after the mid-1990s, which has been confirmed by previous studies (Zhang et al. 2008; Day et al. 2012; Kwok et al. 2013) . The conventional annular AO pattern has recently been replaced by a new dipole anomaly pattern in the Northern Hemisphere (Zhang et al. 2008; Overland and Wang 2010) . Zhang et al. (2008) investigated the occurrence of the new pattern and defined it as the "Arctic Rapid change Pattern" (ARP). Specifically, the running EOF method was used onto the SLP fields in each time Blue vectors in f are the differences of ice motion speed significant at 90% confidence level window. The time windows is defined as a 30-month running wintertime window, which includes five consecutive years with each containing 6 months from October-March. As shown in Fig. 12 , the tri-polar structure of AO robustly represented the dominant atmospheric circulation pattern before 2001/2002-2005/2006 . However, the centers of action of AO pattern were continuously shifting with time, eventually leading to an end of the persistence of this pattern in 2001/2002-2005/2006 . In this time period, an abrupt northeastward shift (from the northeastern Nordic Seas to the Eurasian Arctic coast) of the poleward center of action occurred. The leading EOF spatial pattern was replaced by the new dipole-structure ARP pattern, with its two centers located in the Eurasian Arctic coast and North Pacific, respectively. Zhang et al. (2008) comprehensively examined its role in drastic changes of Arctic climate system, including the record low Arctic sea ice cover in summer of 2007. Detailed description of this pattern and its role in the changing Arctic climate system can be referred to Zhang et al. (2008) .
We estimated the correlation between winter (October-March) ARP index and winter ice export from 1979/1980 to 2011/2012 and found they were highly correlated throughout the study period (Fig. 13) , with a high correlation coefficient of + 0.70 (which is significant at 99% confidence level). In addition to the strong interannual correlation, it is necessary to examine if a connection exists between ARP index and sea ice export related to the regime shift in the ice export. It is obvious from Fig. 13 that the phase shift of ARP index is very similar to AO, with negative state in 1979/1980-1987/1988, positive state in 1988/1989-1994/1995 , and an oscillatory but mostly negative state since 1994/1995. It could be known from the above description of ARP that the ARP pattern is kind of a result when the location and strength of action centers of AO change with time. That is the possible reason for the similar shapes between AO index and ARP index. Considering these changes of ARP phase, here the test of phase shift is done for ARP index during 1988 ARP index during /1989 ARP index during -1994 ARP index during /1995 ARP index during and 1995 ARP index during /1996 ARP index during -2011 ARP index during /2012 . The result shows that the phase shift of ARP index is also very significant (passing 99% confidence level), indicating its close relationship with the shift of Fram Strait sea ice export.
To confirm the influences of the changing atmospheric circulation onto the regime shift of Fram Strait ice export, the composite fields of 10 m wind, SLP and Arctic sea ice motion in winters with positive (1996/1997, 1999/2002, 2001/2002, 2006/2007 and 2007/2008) and negative (2000/2001, 2005/2006, 2009/2010 and 2011/2012 ) ARP indices (using the criterion of 0.7 standard deviation) since mid-1990s were calculated. Sea ice thickness in the two composite fields showed no significant difference in the Arctic Ocean and thus are not given here. In positive ARP years, the anticyclonic circulation was limited to the Beaufort Sea, and the ice outflowing into the Nordic Seas was from both the central Arctic and the East Siberian Sea and Laptev Sea (where thick ice is concentrated) driven by the wind from the Pacific sector and from the Eurasia (Fig. 14a,  d ). In negative ARP years, the anticyclonic circulation over the Beaufort Sea was expanded and strengthened, while the northerly and northeasterly winds in northeast of Fram strait (north of Svalbard and northern Barents Sea) were weakened and shifted to easterly. The ice drift following the Transpolar Drift Stream was weakened and shifted to the Laptev Sea and Kara Sea. Consequently, less ice from the central Arctic were exported through the strait (Fig. 14b, e) . The difference maps of 10 m wind and ice motion between negative and positive ARP winters (Fig. 14c, f) demonstrate that the anomalous northward ice motion near the strait and across the Arctic Basin was closely related to the anomalous southerly wind during-ARP winters. Since ARP transitions to a generally, decadal-scale negative phase after 1995/1996 with more frequent occurrence of large negative polarity (Fig. 13) , the total Fram Strait sea ice export decreased correspondingly. for winter ice motion. The unit of the scale bar in a-c is (hPa). Blue vectors in f are the differences of ice motion speed significant at 90% confidence level Accordingly, the change of the source region of sea ice outflow, which is probably related to the regime shift of atmospheric circulation, played an important role in the regime shift of Fram Strait ice export. Besides, sea ice thickness in most part of the Arctic Ocean marginal seas, especially in the Chukchi Sea and Beaufort Sea, also decreased substantially. Thus the decrease in ice thickness and the shift of atmospheric circulation combined to reduce sea ice export since the mid-1990s. As to the causes of the regime shift in atmospheric circulation pattern, i.e., whether it is originated from the global warming-induced sea ice decline or it is just a kind of natural variability, further studies are needed.
This regime shift of ice export may have significant implications for understanding the role of Fram Strait ice export in Arctic sea ice changes. As reviewed at the beginning of this paper, Fram Strait ice export largely contributed to the changes of total Arctic sea ice mass, in particular multiyear ice, before reaching its maximum in the mid-1990s (Lindsay and Zhang 2005) . Since then, the amount of ice export has been greatly diminishing with lower interannual variability than before. Under these circumstances, was the contribution of Fram Strait ice export to the variability and changes of Arctic Basin sea ice cover still as great as before? Detailed discussion will be given in the next section.
5 Connection between the regime shift in ice export and Arctic sea ice change
To investigate the connection between the regime shift in Fram Strait ice export and the changes of Arctic sea ice inside the basin, composite fields of Arctic basin-wide monthly winter ice thickness and ice drift velocity in extreme ice export months during 1979 /1980 -1994 /1995 (Fig. 15) and 1995 /1996 /2012 ) were analyzed. The criterion of ± 1.0 standard deviation was used to define the extremes of ice export. Totally, there are 19 (16) and 18 (15) extreme high (low) ice export months before and after 1994/95. In this study, no significant difference of Arctic sea ice concentration between high and low ice export months was found either before or after the regime shift. Thus the case of ice concentration is not given here. Before the regime shift, sea ice concentrated in the western East Siberian Sea and the Laptev Sea was significantly thinner during high ice export years compared to low ice export years (Fig. 15a-c) . The Beaufort gyre was weakened and the Transpolar Drift Stream was stronger in high ice export years than in low ice export years ( Fig. 15d-f) . By comparison, after the regime shift, almost no significant difference of ice thickness was found between high and low ice export years (Fig. 16a-c) . Thus the contributions of sea ice export to the changes in Arctic sea ice thickness are quite different before and after 1994/1995. This influence has been greatly weakened after the regime shift, due to the lower amount and less interannual variation of total Fram strait ice export. To further explore how the contributions of Fram Strait ice export to the basin-wide changes of Arctic sea ice dynamically vary with time, monthly ice thickness and ice velocity anomalies were regressed upon the normalized monthly ice export with different lag months relative to the ice export before and after the regime shift around 1994/1995. In this study, no significant correlation between ice export and ice concentration within the Arctic Basin was found for different lag months. Besides, the regression maps of sea ice velocity show only small regions with significant results. Thus the cases of ice concentration and ice velocity are not given here.
Before the regime shift, more ice export could induce great thinning of sea ice located in the eastern Arctic (especially in the East Siberian Sea and the Laptev Sea) during the following several months (Fig. 17) , and vice versa, which could directly lead to the changes of total sea ice volume inside the basin. We can clearly recognize how the contributions of Fram Strait ice export onto the changes of Arctic Basin sea ice dynamically vary with time from these regression maps. Obviously, this kind of impact was very weak after mid-1990s based on the very low regression coefficients in Fig. 18 , especially with lag months larger than + 4. It is found that the variability of winter ice export explains 12.6% of the variability of Arctic basin sea ice volume in the following September before the mid-1990s. Since then, the contribution decreases to 2.50%, quantitatively indicating the reduced influence of Fram Strait ice export onto the variability of total sea ice volume inside the Arctic Basin. The distinct results indicate that the physical mechanisms of recent Arctic sea ice retreat are temporally dependent, with greater impact from Fram Strait ice export before mid-1990s, and more significant influence from thermodynamic processes within the basin since then, such as more incoming solar radiation and the intense ice melting related to the positive ice-albedo feedback (Perovich et al. 2007; Markus et al. 2009; Stroeve et al. 2014) .
The relation between ice export and the changes of Arctic sea ice drift motion was much weaker than that of Arctic sea ice thickness both before and after the regime shift (figures omitted) . The weak relationship between them shows that local atmospheric or oceanic processes, rather than the sea ice export through Fram Strait, are responsible for the changing patterns of Arctic basin-wide sea ice motion. also gave a similar conclusion based on satellite observations. Although focused on the sea ice area export, they pointed out that the melting of first-year ice during the summer, rather than the ice export through Fram Strait, dominated the depletion of total Arctic sea ice cover in recent years.
Overall, the associated dynamical processes of the interaction between changes of Fram Strait ice export and the sea ice mass balance in the Arctic Basin are kind of complicated. On one hand, the long-term retreat of Arctic sea ice cover has lowered the mean ice thickness in the whole Arctic Basin, which could be a precondition for the regime shift of ice export. The change of source region for the sea ice outflowing through the strait (related to the transition of the atmospheric circulation, as mentioned in Sect. 4) induces the lower mean ice thickness within the strait, leading to the abrupt change of ice export together with the precondition.
On the other hand, the impact of changing Fram Strait ice export onto the Arctic Basin ice thickness is a relatively shorter term process. When more ice (most of them is multiyear ice) is exported from the Arctic Basin, the area of open water increases and more new ice is produced, lowering the mean thickness and the total Arctic sea ice volume in the basin (especially in the source region of outflowing ice). Obviously, since 1994/95, this kind of connection has been weakened, which is the main concern in this study.
Conclusions
A high-resolution global ocean and sea-ice model MITgcm-ECCO2 has been used to estimate the variability and changes of Arctic sea ice export through Fram Strait during 1979-2012, as well as their relationship with recently accelerated Arctic sea ice retreat. In this study, sea ice volume export through Fram Strait demonstrates great daily variability induced by the strong dependence of sea ice motion on daily atmospheric forcing. The seasonal cycle of sea ice export is significant, which is closely related to the seasonal changes of Arctic sea ice and surface wind strength over the strait. The mean annual ice export during our study period amounts to 3216 km 3 /year, which is about 12.7% of the 34-year averaged annual Arctic sea ice volume, with the maximum and minimum occurring in 1994/1995 and 1984/1985, respectively . Winter ice export shows higher amount and interannual variation than in summer. Variability and changes of ice export are 1995/1996-2011/2012 dominantly controlled by both sea ice thickness and meridional ice drift velocity across the strait. The correlations between winter (October-March) ice meridional velocity/ ice thickness and winter ice export are + 0.73/+ 0.59 (both passing 99% confidence level).
Our results suggest that there was a significant regime shift of annual, winter and summer sea ice export through Fram Strait in the mid-1990s. Annual ice export was much higher (with the mean annual export of 3940 km 3 per year) and the interannual variability was also greater from 1988/1989 to 1994/1995, while the export was much lower from 1994/1995 to 2011/2012 (with averaged 2965 km 3 each year). This study indicates that the regime shift of atmospheric circulation played an important role in the regime shift of Fram Strait sea ice export. Since the mid1990s the large-scale atmospheric circulation pattern in the Northern Hemisphere has shifted from conventional AO to a dipole-structure Arctic Rapid change Pattern (ARP) pattern (Zhang et al. 2008) . The more meridional wind anomalies associated with ARP tended to dominate the main patterns of Arctic sea ice motion inside the basin and changed the source region of sea ice outflowing through the strait. In winters with highly positive ARP index, the anticyclonic circulation was limited to the Beaufort Sea. Sea ice outflowing into the Nordic Seas was from both the central Arctic and the Eurasian coast driven by the strong winds from the Pacific sector and Eurasia. On the contrary, when the ARP stayed in its negative phase, the weakened northerly winds north of Greenland and Fram Strait greatly constrained the ice exporting from central Arctic to the strait. In this study, ARP transitions to a generally, decadal-scale negative phase after 1995/1996 with more frequent occurrence of large negative polarity, which could primarily explain the significant reduction of sea ice export in recent years.
Moreover, the impact of changes in Fram Strait sea ice export on the Arctic basin-wide sea ice has been greatly weakened after the regime shift around mid-1990s. Since the total Arctic sea ice volume remained declining through the entire study period, we can speculate that the recent Arctic basin-wide sea ice loss was mainly induced by the accelerated ice melting process in the Arctic Basin, rather than the ice outflow into Nordic Seas through Fram Strait. This study quantitatively indicates that the influence of Fram Strait ice export onto the variability of total sea ice volume inside the Arctic Basin has been reduced since mid-1990s. More investigations are needed to understand and quantify the contributions from ice export on the Arctic sea ice volume.
